ABSTRACT A protein, enzymatically inactive but immunologically related to prolyl hydroxylase (prolyl-glycyl-peptide, 2-oxoglutarate:oxygen oxidoreductase; EC 1.14.11.2) (crossreactink protein), has been purified to near homogeneity from skin of newborn rats. The purified protein has a molecular weight of 60,000 on gel filtration and sodium dodecyI sulfate gel electrophoresis, corresponding to that of the smaller of the two dissimilar subunits of the enzyme. The two subunits of prolyl hydroxylase differ markedly from one another in their amino acid compositions, but crossreacting protein and the smaller subunit are very similar in composition. On antibodyaffinity chromatography both subunits reacted with the antibody developed against the intact enzyme. Neither crossreactin protein nor the 60,000 molecular weight subunit was adsorbed onto concanavalin A, which adsorbed the intact enzyme as well as the larger subunit. It would appear that crossreacting protein is identical to one of the subunits of prolyl hydroxylase or metabolically related to it. Prolyl hydroxylase (prolyl-glycyl-peptide, 2-oxoglutarate: oxygen oxidoreductase, EC 1.14.11.2) catalyzes the synthesis of hydroxyproline in nascent chains of collagen by hydroxylating specific prolyl residues (1). The enzyme has been purified to homogeneity from several sources (2-6) and is a tetramer composed of two pairs of nonidentical subunits with molecular weights of 60,000 and 64,000 which can be separated by sodium dodecyl sulfate (NaDodSO4) gel electrophoresis (2-6).
2-oxoglutarate:oxygen oxidoreductase; EC 1.14.11.2) (crossreactink protein), has been purified to near homogeneity from skin of newborn rats. The purified protein has a molecular weight of 60,000 on gel filtration and sodium dodecyI sulfate gel electrophoresis, corresponding to that of the smaller of the two dissimilar subunits of the enzyme. The two subunits of prolyl hydroxylase differ markedly from one another in their amino acid compositions, but crossreacting protein and the smaller subunit are very similar in composition. On antibodyaffinity chromatography both subunits reacted with the antibody developed against the intact enzyme. Neither crossreactin protein nor the 60,000 molecular weight subunit was adsorbed onto concanavalin A, which adsorbed the intact enzyme as well as the larger subunit. It would appear that crossreacting protein is identical to one of the subunits of prolyl hydroxylase or metabolically related to it. Prolyl hydroxylase (prolyl-glycyl-peptide, 2-oxoglutarate: oxygen oxidoreductase, EC 1.14.11.2) catalyzes the synthesis of hydroxyproline in nascent chains of collagen by hydroxylating specific prolyl residues (1) . The enzyme has been purified to homogeneity from several sources (2) (3) (4) (5) (6) and is a tetramer composed of two pairs of nonidentical subunits with molecular weights of 60,000 and 64,000 which can be separated by sodium dodecyl sulfate (NaDodSO4) gel electrophoresis (2) (3) (4) (5) (6) .
In 1971, McGee et al. (7) , using an immunoassay for prolyl hydroxylase, found that cultured L-929 cells contained, in addition to the enzyme, a protein(s) that is enzymatically inactive but that crossreacts with the same antibody. The presence of such crossreacting protein, which the authors referred to as CRP, has now been substantiated by many investigators in tissues from rats (8) mice (8) , chick embryos (4) , and human beings (5) , as well as in cultured tendon fibroblasts (9) and other cell lines. § All these studies indicate that CRP is present in all tissues that contain prolyl hydroxylase and generally in amounts much greater than those of the enzyme.
More recently, Kuttan et al. (10) were able to demonstrate that extracts of L 929 cells contain two species of protein that crossreact with antibody to prolyl hydroxylase. One is a large molecule and is apparently a complex of the enzyme with unhydroxylated substrate that accumulates when hydroxylation of nascent collagen chains is limiting. They also noted a smaller crossreacting protein which is more widely distributed in tissues and whose presence does not depend on impairment of hydroxylation. The latter has been considered to represent a subunit or subunit precursor (7, 8) , but its significance remained unclear. This smaller crossreacting protein, which is now referred to as CRP, is the subject of this report. CRP has been purified essentially to homogeneity, as have the two dissimilar subunits of prolyl hydroxylase. Evidence is presented that CRP is structurally very similar to the small subunit of the en- (4) . NaDodSO4 gel electrophoresis was performed by the method of Weber and Osborn (14) . All gels were stained with Coomassie blue.
Amino Acid Analysis. The quantities of the various proteins isolated in these studies were in the microgram range (50-300 ,ug). These amounts were more than adequate for assay by the fluorometric method of Stein et al. (15) , using an amino acid analyzer specifically designed for fluorescamine. To Fig. 1A . This can be compared to the elution pattern obtained on an aliquot of the original 15,000 X g supernatant solution (Fig. 1B) to that of the subunit monomers. The pooled CRP from the Agarose column (tubes 81-90), when subjected to polyacrylamide gel electrophoresis under nondenaturing conditions, yielded a single band with a slight trailing edge (Fig. 2) . Its migration was close to that of bovine serum albumin, which has a molecular weight of the same order of magnitude as that of the subunits. In a separate gel (not shown) the protein band was visualized fluorometrically by staining with sodium 8-anilino-l-naphthalene-sulfonate (16) and sliced into 2-mm sections; each section was assayed for antigenic activity. Results from several such experiments indicated that the diffuse material on the upper edge of the band did not contain antigenic material.
Comparison of CRP with Subunits of the Enzyme. Purified CRP was examined by NaDodSO4 gel electrophoresis and compared with the dissociated subunits of the enzyme. As shown in Fig. 3B , the two nonidentical subunits of prolyl hydroxylase were well separated on gel electrophoresis under denaturing conditions, thus corroborating earlier reports (2) (3) (4) (5) (6) . CRP (Fig. 3A ) migrated exactly the same as the small subunit. Bovine serum albumin (Fig. 3C ) was run as a standard. CRP in the preparation used here was over 80% pure. However, preparations of over 90% purity at this stage have also been used with similar results.
The significance of the minor band migrating more slowly than CRP (Fig. 3A) might have selected against them. To eliminate this possibility we prepared CRP using a combination of ion exchange and molecular sieve columns, in a manner similar to that previously reported (17) . The yields were quite low and purity was not as high as with the procedure described here. However, on disc gel electrophoresis, only one antigenic band appeared and it migrated with CRP.
Additionally, the initial 15,000 X g supernatant solution of the rat skin homogenate was subjected to chromatography on Agarose and the eluates were monitored by the enzyme immunoassay (Fig. 1B) :* -; .
. 4 " . s _. altered the large subunit, we put the dissociated enzyme through the antibody affinity column procedure and assayed the eluate by disc gel electrophoresis. Ammonium thiocyanate did not alter the mobility of either subunit on gel electrophoresis (compare Fig. 4 A and B) . In addition, neither subunit passed through the column without being adsorbed (Fig. 4C ) and both Ala  73  95  96  89  Val   54  57  54  59  Met  26  9  12  17  Ile  40  47  46  38  Leu  105  94  95  94  Tyr   42  25  29  30  Phe   34  70  62  53  His  26  22  24  23  Lys  86  96  94  93   Arg   56  19  22  41 Each value represents the mean of three or more analyses and is not corrected for losses during hydrolysis. Trytophan was not determined. ND, not determined. . Double-immunodiffusion of purified CRP, prolyl hydroxylase, the small subunit, and a crude homogenate against goat antiserum to the pure enzyme. Center well, antiserum; well 1, CRP; well 2, prolyl hydroxylase; well 3,15,000 X g supernatant of a rat skin homogenate; wells 4 and 5, preimmune serum; well 6, small subunit of prolyl hydroxylase isolated by concanavalin A column chromatography. After the initial incubation for 24 hr at room temperature, the Ouchterlony plate was kept at 4°. The photograph was taken on day 5.
were subsequently eluted with ammonium thiocyanate in comparable amounts (Fig. 4D) . Thus, the antibody affinity column does not select for either subunit. In a control experiment not shown, neither subunit was specifically adsorbed by a preimmune IgG column.
Amino Acid Analysis. To ascertain the structural differences between the nonidentical subunits and their relationship to CRP, we performed amino acid analyses on the individual stained bands after gel electrophoresis (Table 2 ). It is apparent that the small and large subunits differ considerably from one another, particularly in their content of alanine, methionine, tyrosine, phenylalanine, and arginine. The amino acid composition of CRP and that of the small subunit agreed essentially in all but two amino acid residues, cysteine and proline. Of these, however, only the difference in proline content is considered experimentally significant. Double-Immunodiffusion Experiments. To further establish the relationship between prolyl hydroxylase, the small subunit, and CRP, each of these in pure form, as well as a crude skin homogenate, was examined by immunodiffusion against antiserum directed to prolyl hydroxylase. As shown in Fig. 5 , a line of identity appeared smoothly connecting all the above fractions. In addition, neither the small subunit (well 6) nor the crude skin homogenate (well 3) interacted with preimmune serum (wells 4 and 5).
DISCUSSION
The protein, CRP, which is found in excess in all tissues that contain prolyl hydroxylase (i.e., that synthesize collagen), has been purified and characterized as have the 60,000-and 64,000-dalton subunits of the enzyme. The similarity between CRP and the smaller subunit is noteworthy. The two are indistinguishable by electrophoretic mobility under native or denaturing conditions, by their behavior on concanavalin ASepharose, and by the various immunologic studies that were Biochemistry: Chen-Kiang-et al.
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done. Their amino acid compositions are also similar except for differences in the proline and cysteine contents. The latter is known to present problems in assay. It will be necessary to carry out hydrolyses of the two proteins at various time intervals to correct for differential losses during hydrolysis.
The amino acid analyses also showed that the two subunits were quite different from one another structurally. As shown by the concanavalin A binding, the large subunit contains the carbohydrate moiety, which permitted its separation from the smaller subunit and from CRP. While these experiments were under way, Berg et al. (19) also demonstrated that only the large subunit of prolyl hydroxylase reacts with concanavalin A and determined its carbohydrate content.
Another type of comparison has recently been made possible by the introduction of a technique for reverse phase chromatography of peptides at the picomole level by using a fluorescamine detector (20) . In preliminary studies with this procedure it has been found that tryptic digests of CRP and the small subunit yield 35 resolvable peaks, all but two of which coincide, even when the two proteins are mixed. It would appear therefore, that CRP and the 60,000-dalton subunit are not absolutely identical.
From all the above data it is fairly certain the CRP is at least closely related structurally to the 60,000-dalton subunit of prolyl hydroxylase. It also appears to be functionally related to the enzyme, since changes in enzyme level brought about in cell culture §, in the developing chick (21) , in labeling experiments in vivo (22) , and in hypertensive arteries (23) are accompanied by parallel changes in the CRP content.
If CRP is indeed so closely related to the smaller subunit, the question is raised as to why a comparable analogue of the larger subunit has not been found. Many of the studies reported above were undertaken to rule out the possibility that a "larger CRP" may have been lost during the purification procedures that were used. However, even the supernatant solution from the original homogenate contained only the 60,000-dalton CRP. There is still the possibility of the presence of an insoluble form of a "larger CRP" that would not appear in the supernatant solution after homogenization.
It is tempting to postulate that CRP is present in excess as an inactive precursor of the small subunit which combines to form active enzyme with newly synthesized large subunits whenever accelerated hydroxylation is required, or CRP may also be a stable degradation product of prolyl hydroxylase. In view of its abundance and stability, CRP may not be exclusively related to prolyl hydroxylase. It is possible that CRP is a product of gene conservation and/or divergence and participates in the function of other enzymes, particularly those topographically related and sharing the same cofactors and catalytic mechanism. One such enzyme is lysyl hydroxylase, which, although distinct from prolyl hydroxylase (24, 25) , hydroxylates lysyl residues on procollagen nascent chains by a mechanism comparable to that of prolyl hydroxylase on prolyl residues.
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